Piliated Neisseria gonorrhoeae are known to be transformed less readily if transforming DNA competes with DNA containing the 10-bp sequence GCCGTCTGAA. It has been postulated that the 10-bp sequence is a recognition sequence which is required for efficient DNA uptake. We show that the presence of various forms of this 10-bp sequence results in increased uptake of double-stranded DNA into a DNase-resistant state and allows genetic transformation by an otherwise nontransformable plasmid.
Transformation of Neisseria gonorrhoeae (the gonococcus) has been studied extensively (1-7, 16, 17) , but the mechanisms involved in this process remain unclear. The observation that gonococci are transformed efficiently by their own but not foreign DNA cannot be totally accounted for by restriction barriers (2, 3, 7) . High levels of competency are strongly associated with piliation, but there is no evidence that pili are directly involved in uptake (1, 12) . Competent gonococci are known to preferentially take up certain plasmid fragments into a DNase-resistant state (3), suggesting a structural basis for uptake specificity. Recently, Goodman and Scocca showed that DNA fragments as small as 93 bp efficiently compete against chromosomal DNA for transformation if they contain the 10-bp sequence GCCGTC TGAA (7). Goodman and Scocca postulate that the mechanism of the inhibition of transformation was at the stage of uptake but provide no direct evidence for increased DNA uptake. Genetic transformation is a complex, multistep phenomenon, and the observed competition could have occurred during other steps of transformation. In this study, we examine the effect of several forms of this uptake sequence on gonococcal DNA uptake and demonstrate that it does allow efficient entry of transforming DNA.
Strain F62 piliated gonococci was used throughout this study and was grown on clear typing medium (GC medium base; Difco) as previously described (3) . Gonococci of the piliated phenotype were clonally picked for uptake experiments, using the criteria of Kellogg et al. (9) . Uptake experiments were performed essentially as described by . Briefly, gonococci were suspended to 5 x 107 CFU/ml in GC broth containing 10 mM MgCl2 at 37°C. Radiolabeled, PstI-linearized plasmid DNA was added (50 to 200 ng), and incubation continued for the indicated time periods. DNase I (Sigma) was added to a final concentration of 160 ,ug/ml to degrade extracellular DNA, and the gonococci were immediately either placed on ice or kept at 37°C as described. Gonococci were then pelleted and washed three times, and the total DNA was extracted (3). Agarose gel electrophoresis was performed in the presence of ethidium bromide, and the gels were photographed to vistially compare relative amounts of extracted DNA. The gels were dried and autoradiographed for 8 to 48 h at -70°C, using an * Corresponding author. intensifying screen. In experiments involving preincubation by unlabeled DNAs, 4 ,ug of the appropriate unlabeled competitor DNA was added for 15 min prior to 100 ng of labeled DNA.
Plasmid constructs are shown in Fig. 1 . Plasmids were grown in Escherichia coli HB101, purified by banding in CsCl (11), and radiolabeled by the replacement synthesis method of O'Farrell et al. (13) . Structures of the constructs were confirmed by DNA sequencing across the polylinker, using the double-stranded method of Kraft et al. (10) .
Plasmids derived from pHSS6 do not replicate in gonococci; to measure transformation, we cloned the EcoRI-to-Smal fragment of pUPi (containing the uptake sequence) into the same sites in the E. coli-gonococcal shuttle vector pLES2 (18) and termed this plasmid pLES2-GCU. pLES2 was purified from E. coli HB101 by using Qiagen columns as directed by the manufacturer. Transformation was measured as previously described (1) .
Uptake of radiolabeled DNA into a DNase I-resistant state is demonstrated in Fig. 2 . Plasmids were cut with PstI and radiolabeled. Plasmids were taken up only if they contained the 10-bp sequence GCCGTCTGAA in any of the three forms. In eight experiments there was no uptake of either PstI fragment of pHSS6, neither of which contains a known uptake sequence. Plasmid pHSS6 contains an additional PstI site. To rule out the possibility that PstI restriction at this site ( Fig. 1) could have inactivated uptake, we linearized pHSS6 with EcoRI and found it still was not taken up (data not shown). A time course-study indicated that uptake was rapid at 37°C, since uptake could be detected 60 s after addition of labeled DNA and increased until 20 min, the last time point studied (data not shown). In experiments with plasmids containing uptake sequences, three extraneous radiolabeled bands were present in extracted DNA which were not present in input DNA: two high-molecular-weight bands and a smaller 1-kb band. The high-molecular-weight bands may have originated from degradation of incoming plasmids and incorporation of released nucleotides into chromosomal sequences as previously seen (8) . The three different enzymes (PstI, BglII, and Clal; Fig. 1 ) which restrict at widely separated sites, DNA taken up into the cell always showed the same 1-kb band (data not shown). A Triton X-100 extract of piliated F62 gonococci cleaved linear pUP1 DNA into about 11 fragments, but none of these comigrated with this 1-kb band (data not shown). When DNA uptake was performed with unlabeled linearized pUP1 DNA and then probed with pHSS6 in Southern blots, only the 2.3-kb band hybridized to the probe (data not shown).
The 1-kb band was sensitive to DNase I after extraction of DNA but not to proteinase K or RNase treatment. We conclude that the 1-kb band possibly represents incorporation of label into cellular DNA and is not the result of a discrete restriction event of the entering DNA. The lack of a similar band in an earlier study (3) may have been due to the greater specific activity of DNA used in our study.
To further examine the effect of structure on uptake mediated by the 10-bp sequence, we studied the relative abilities of unlabeled forms of pHSS6, pUP1, pUP2, and pUP3 to inhibit the uptake of labeled pUP1 (Fig. 3) . A 40-fold excess of pHSS6, with no uptake sequence, had no effect on uptake of pUP1. There was considerable inhibition of pUP1 uptake by any of the three pUP plasmids. In the experiment shown in Fig. 3 , the unlabeled DNAs were preincubated with gonococci prior to addition of labeled DNA; however, identical results were obtained when competitor DNAs were added simultaneously (data not shown). Thus, a single copy of the 10-bp sequence appears sufficient for efficient uptake, consistent with the earlier data of Goodman and Scocca (7) .
We have shown increased uptake of DNA by gonococci, FIG. 2 . Uptake of radiolabeled DNA. F62 piliated gonococci were incubated with 100 ng of labeled linear plasmids for 10 min, the gonococci were chilled on ice, and DNase I was added to degrade extracellular DNA. After washing, total gonococcal DNA was extracted and then subjected to gel electrophoresis and autoradiography. Panels A to D compare uptake of pHSS6, pUP1, pUP2, and pUP3, respectively. Lanes: 1, 2,000 cpm of input DNA of each plasmid; 2, DNase I-resistant total cellular DNA isolated after exposure of competent cells to the DNA in the corresponding lane 1.
The control lane represents the same reaction as lane B2 except that the DNase I step preceded uptake. End-labeled molecular size markers (lambda Hindlll fragments) varying from 23 to 0.6 kb are shown in the first lane.
and Goodman and Scocca (7) have shown inhibition of transformation by linear DNA that contains the 10-bp sequence. We thought it important to determine whether the 10-bp sequence could increase the transformation frequency of plasmid (circular) DNA. We used the E. coli-gonococcal shuttle vector pLES2, which has a reported transformation frequency of less than 2 x 10'9 CFU in gonococci (18) .
Transformation of gonococci to penicillin resistance by 1 Fig. 1 . Lanes: 1, 2,000 cpm of input labeled pUP1 DNA; 2, uptake in the absence of competitor DNA; 3, inhibition of uptake by pHSS6; 4, inhibition of uptake by pUP1; 5, inhibition of uptake by pUP2; 6, inhibition of uptake by pUP3. End-labeled molecular size markers The purpose of this study was to test the inference of Goodman and Scocca (7) . Our data show that the 10-bp sequence is sufficient for both uptake and genetic transformation. Thus, we have shown that the inference by Goodman and Scocca was correct. The uptake sequence found in putative gonococcal terminators of transcription (14, 19) contains inverted repeats; however, a single copy of the 10-bp sequence was sufficient for efficient uptake.
These results indicate that the gonococcal uptake sequence may be useful for introduction of foreign DNA into gonococci and suggest that some form of uptake sequence should be included in shuttle vectors designed to be used in gonococcal transformation. The putative receptor(s) for uptake of gonococcal DNA containing the uptake sequence remains to be identified.
